Objectives-To analyze the influence of examiners and their experience on the quality of biometric measurements via the evolution of z scores in a longitudinal multicenter study.
S onographic measurement of fetal femur length, abdominal circumference, biparietal diameter, and head circumference may help in the diagnosis of fetal malformations 1, 2 and is required for the estimation of fetal weight. [3] [4] [5] [6] Abnormal fetal biometric results are very common findings in prenatal medicine, as they may be found in up to 10% to 20% of all pregnancies. 7 Several major decisions are made daily on the basis of biometric results. 8 For example, fetuses whose biometric parameters lie on the end of the normal distribution of measurements require closer fetal surveillance, as they are considered high-risk pregnancies. [9] [10] [11] [12] However, the quality of the examination is operator dependent, and the lack of adequate examiner experience can lead to diagnostic errors that could decrease the quality of care and may eventually result in legal issues. Therefore, measurement of biometric parameters should be controlled by a standardized quality control system. Salomon et al 16 proposed a quality assessment process using the distribution of z scores of individual biometric measurements and comparing those with the expected standard normal distribution. However, in their study, measurements of only 4 different examiners were analyzed. Furthermore, the z score method alone does not provide any information about the longitudinal changes in accuracy depending on the operator's experience.
In a former study, we could already demonstrate a nonlinear effect of experience on the accuracy of sonographic weight estimation, with a decrease in diagnostic performance after approximately 200 scans. 17 However, in that study, measurements of the different biometric parameters were not evaluated separately. The aim of this study was to analyze the influence of examiners and their experience on the quality of biometric measurements via the evolution of z scores in a longitudinal multicenter study.
Materials and Methods
This retrospective cross-sectional, multicenter study included 4607 sonographic weight estimations over a 12-year period (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) , performed by 18 examiners at the beginning of their sonography training. All examinations were performed in 1 of the 2 involved level III perinatal centers in Germany. Both centers are referral centers with more than 2000 deliveries per year, treating a comparable patient collective (mostly low-risk deliveries with some high-risk referrals). An automatic query of our perinatal sonography database was conducted with the following inclusion criteria: singleton pregnancy, sonographic examination with complete biometric parameters, including biparietal diameter, head circumference [(2.325 3 (occipital frontal diameter 2 1 biparietal diameter 2 )
1 =2 ], abdominal transverse diameter, abdominal anteroposterior diameter, abdominal circumference (p 3 abdominal transverse diameter 1 abdominal anteroposterior diameter/2), and femur length within an interval of 7 days before delivery; and absence of any chromosomal or structural anomalies. Intrauterine fetal deaths were excluded. No exclusion was made on the basis of abnormal biometric results or birth weight. Although all examiners were instructed and supervised by more-experienced personnel at the beginning of their training, only measurements made independently by them were assessed for purposes of this analysis. All biometric measurements from each examiner were recorded sequentially. All examiners of this study were obstetric trainees without any prior sonography experience, who completed their sonography training program in 1 of the 2 involved level III perinatal centers. This sonography training program is usually scheduled for the duration of 2 years during the obstetric rotation based on the German training concept for specialization in obstetrics and gynecology. According to different interests and focuses of the trainees, their obstetric rotation might be longer or shorter than the scheduled 2 years, explaining the variation in the number of examinations done between examiners.
Gestational age was calculated from the last menstrual period and was confirmed by or recalculated from biometric measurements obtained from the first fetal biometric examination in early pregnancy (in accordance with the recommendations of the American College of Obstetricians and Gynecologists). 18 The examinations were performed in accordance with widely accepted quality standards. 19, 20 In the departments in which the study was conducted, fetal weight is routinely measured by sonography during the diagnostic workup. All data were collected routinely and were completely anonymized. Therefore, the retrospective analysis of these data for the purpose of the study did not require ethical approval.
To analyze the quality of the biometric measurements, we computed the corresponding z scores 16 that compared the individual measurements with the expected values from a standard population 21 : z score5 X GA 2EðXjGAÞ SDðXjGAÞ :
The measured biometric parameter at a known gestational age (GA) is denoted as X GA , whereas E(XjGA) and SD(XjGA) are computed from parameter-specific regression equations and represent the expected values at this gestational age for the mean and standard deviation from a recently published international fetal growth standard. 21 If the measurements are accurate, they should follow, on average, a standardized normal distribution with mean of 0 and SD of 1. To analyze their accuracy, we therefore subsequently compared the measured empirical mean and standard deviation from our study sample with the theoretically expected values via the Student t test and v 2 test for all biometric parameters. To describe the tails of the distributions, we computed the measured empirical 5th and 95th percentiles from the z score distributions and compared them with the theoretically expected values (21.645 and 1.645). If the empirical values deviate strongly from the expected ones, that finding could illustrate that the z score distributions are shifted. Furthermore, we also computed the average proportion of z score values that fell below or above the expected 5th and 95th percentiles, which are therefore below or above the corresponding percentiles of the reference growth chart, which are often considered as threshold values for identifying abnormal values. 16 To investigate the effect of the examiners and their experience, we applied a multivariable regression analysis via generalized additive mixed models. 22 The main advantage of additive models in contrast to common linear models is that they not only allow simultaneous assessment of the effect of various variables on the outcome while adjusting for possible confounders but also may incorporate nonlinear effects via smooth terms. A variable x may hence enter the model formula also via a nonparametric smooth function f(x) instead of a linear term b Á x. We used the z scores of the different biometric parameters as outcome variables and incorporated the birth weight, maternal body mass index (BMI), examiner who performed the measurement, and number of examinations this examiner had performed before as fixed effects and the city center as a random effect. To account for a possible nonlinear evolution of the examiner's experience, we incorporated the number of examinations as a smooth term. P values are reported for both the effect of the examiner and the experience, with P < .05 indicating statistical significance. 23 The nonlinear effect estimates are displayed with corresponding confidence bands. 24 All statistical analyses were performed in the statistical programming environment R, 25 including the add-on package mgcv for the regression analysis. 26 
Results
A total of 4607 sonographic weight estimations performed by 18 different examiners at the beginning of their sonography training were analyzed. The numbers of sonographic examinations ranged from 60 (examiner 18) to 452 (examiner 4; mean, 5 255.9). Table 1 shows the main maternal and fetal parameters of the complete study group and both study centers. No relevant differences could be observed between the centers. The fetal biparietal diameter, head circumference, abdominal circumference, and femur length were measured in all cases.
The means and standard deviations of z scores of all biometric parameters for the whole study population are given in Table 2 . Although the mean values for biparietal diameter, abdominal circumference, and femur length were statistically different from 0 (P < .001), no significant differences were found for head circumference (P 5 .19). The highest values were found for femur length measurements, whereas mean abdominal circumference z scores showed the lowest values. All corresponding standard deviations were statistically different from 1, based on the v 2 distribution test (P < .001; Table 2 ). The measured mean 5th and 95th percentiles (which should theoretically be 21.645 and 1.645) over all examiners ranged from 21.95 (abdominal circumference) to 21.23 (femur length) for the 5th percentile and from 1.46 (abdominal circumference) to 2.27 (biparietal diameter) for the 95th percentile. Therefore, the overall number of fetuses considered to have an abnormal measurement compared with the expected 5th Table 2 ). Multivariable regression analyses showed a significant influence of the individual examiner on the distribution of z scores for each biometric parameter after adjustment for the fetal birth weight, maternal BMI, and number of examinations (P < .001 for each parameter). Box plots in Figure 1 Table 3 ). The empirical 5th percentile for abdominal circumference measurements of examiner 1 was 22.57, clearly below the expected value of 21.645. As a result, with 23.62%, also much more than 5% of his measured abdominal circumference values fell below this expected value. For examiner 7, nearly one-third (32.17%) of his measured femur length values lay above the expected 95th percentile (empirical 95% percentile, 2.58; Table  3 ).
Regression analyses via generalized additive mixed models showed a significant effect of the number of examinations on the z scores for each biometric parameter after adjustment for the fetal birth weight, maternal BMI, and individual examiner (P < .05 for each parameter). The shapes of this effect, however, differed for the 4 parameters (Figure 2 ): for the biparietal diameter a nearly linear, negative effect could be observed. At the beginning of the study period, a tendency toward overestimation was demonstrated. At 100 to 200 examinations, the z score distribution was close to the expected value of 0, indicating good consistency with the distribution of values in the reference population. After that, a clear tendency toward underestimation could be observed. For head circumference, the graph showed a nonlinear but monotonic positive effect. Again, the z score distribution was close to the expected value of 0 at 100 to 200 examinations. Before that, a tendency toward underestimation was observed, whereas values indicated clear overestimation toward the end of the study period. A nonlinear "U-shaped" effect could be showed for abdominal circumference measurements. Negative values were shown until approximately 100 examinations and toward the end of the study period (after %300 scans). At 100 to 300 examinations, however, the effect on the z score was close to the expected value of 0, with a slight tendency toward overestimation. For femur length, the graph undulated around the expected value of 0 until approximately. 300 examinations. After, that a clear tendency toward underestimation could be observed.
Discussion
In this article, a longitudinal quality assessment process based on the distribution of z scores for biometric measurements obtained close to delivery is presented. Our data revealed a significant shift in the distribution of z scores for all types of biometric measurements. Such a shifted and distorted distribution can lead to incorrect classification of fetuses once biometric measurements are plotted on the regarding reference charts, as fetuses whose biometric measurements lie on the tails of the normal distribution (ie, < 5th or > 95th percentile) are P values refer to the Student t test (mean) and v 2 variance test (SD), comparing the values of the empirical z score distributions with the theoretically expected ones from a standard normal (mean, 0; SD, 1). The empirical percentiles describe the tails of the measured distribution; in the case of a standardized normal, these should be 21.645 and 1.645, respectively. The percentage of z scores below or above these theoretic values describes how many measurements could be identified in practice as abnormal if compared with the corresponding reference charts. AC indicates abdominal circumference; BPD, biparietal diameter; FL, femur length; and HC, head circumference.
considered "high risk." This factor is of enormous clinical importance, as serious consequences might emerge out of an uncontrolled prevalence of cases with high-risk fetal biometric results (including unnecessary worries, additional examinations, and increased numbers of labor inductions or cesarean deliveries with related costs).
Our data showed the largest positive and negative deviations from the expected mean values of 0 for z scores of femur length (0.42) and abdominal circumference (20.31) measurements, indicating either systematic overestimation (femur length) or underestimation (abdominal circumference) in comparison with the reference population. The empirical distribution of z scores indicated that 9.33% (abdominal circumference) and 12.26% (femur length) of fetuses were classified as being in the smaller or the larger 5% tail of the reference Table 2 .
distribution. In a study performed by Capmas et al, 27 the z score distributions of fetal biometric data as measured by midwives and physicians in an unselected population of pregnant women were compared. An analysis of 1710 and 1578 measurements made by midwives and physicians, respectively, showed mean z scores ranging from 20.27 (abdominal circumference) to 0 (femur length) for midwives and from 20.45 (biparietal diameter) to 20.06 (femur length) for physicians). Results regarding empirical 5th and 95th percentiles were not shown in that study. Examinations were performed between 30 and 34 weeks' gestation by 4 midwives and 10 physicians, and all examiners were trained, with greater than 10 years of experience. Therefore, the results of that study cannot be compared directly with ours.
In another study, Balsyte et al 28 analyzed individual learning curves for fetal sonographic biometric examinations performed by 3 different examiners at the beginning of their sonography training. The z score distributions of biometric measurements (head circumference, abdominal circumference, and femur length) were calculated for only 1 of these examiners (scans performed within the last week before delivery; n 5 227). In analogy with our results, z scores closest to the expected value of 0 were found for the head circumference measurements (20.1). The empirical 5th and 95th percentiles ranged from 21.8 (femur length) to 2.2 (abdominal circumference).
Our data indicate a significant influence of the individual examiner on the distribution of z scores for each biometric parameter (P < .001). Values ranged from 20.80 (abdominal circumference, examiner 1) to 1.10 (femur length, examiner 7). In the study performed by Salomon et al, 16 the feasibility of z score distribution-based quality assessment for fetal biometry was evaluated. An analysis of 5241 sonographic examinations revealed z scores ranging from 20.60 (head circumference) to 0.73 (abdominal circumference). In analogy with our results, the means of z scores obtained by each sonographer were statistically different for each type of measurement (P < .001). However, in the latter study, all examinations were performed by only 4 trained sonographers at 20 to 24 gestational weeks, and no regression analysis linking these results to the examiner's experience was performed. Therefore, the results of that study cannot be compared directly with ours.
Our data show a significant effect of the number of examinations on mean z scores for each biometric parameter. This effect yielded z score values close to the expected value of 0 at 100 to 200 examinations for all biometric measurements, therefore indicating good consistency with the distribution of values in the reference population. Surprisingly, near the end of the study period, an increasing tendency toward either overestimation (head circumference) or underestimation (biparietal diameter, abdominal circumference, and femur length) was observed. In analogy with these results, a former Max indicates examiner with highest mean z score, best, examiner with the closest mean z score to 0, min, examiner with the lowest mean z score; and n, number of examinations. P values and abbreviations are as in Table 2 .
Faschingbauer et al-Longitudinal z Score Distribution in Sonographic Fetal Biometry study demonstrated a similar effect of experience on the accuracy of sonographic weight estimation, with a decrease in diagnostic performance in terms of a clear tendency toward underestimation after approximately 200 scans until the end of the study period. 17 A possible explanation for this unexpected result may be found in the fact that fetal biometry is considered by many as a basic diagnostic procedure, for which once a certain degree of experience has been gained, attention to detail may be lost, resulting in reduced accuracy.
Currently, approval of competence in several medical areas is based on a certain number of procedures that have to be performed. 29 Dresang et al 30 recommended that examiners should complete 200 scans over 3 years to achieve competence. In Germany, where this study was conducted, a trainee has to perform more than 300 sonographic examinations to prove sufficient competence, as required by the German Medical Society of Ultrasound. 19 Our findings, however, show that, at least for sonographic fetal biometry, diagnostic performance Figure 2 . Effect of the examiners' experience on the mean z score distributions. The dark lines represent the estimated smoothing effect of the number of examinations on the mean z scores for the 4 different biometric parameters. The effects were computed in generalized additive mixed models with the z score as the outcome, birth weight, maternal BMI, and examiner as fixed effects, and study center as a random effect.The gray areas display the confidence bands around the estimated effects. Abbreviations are as in Table 2 .
varies greatly between different examiners, with a nonlinear effect of their experience.
In conclusion, a longitudinal analysis of z score distributions for quality control of fetal sonographic biometry is both feasible and necessary. A prospective and automatized use of this technique could help identify potential systematic errors and therefore improve the detection rate for high-risk pregnancies.
